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Carbon Monoxide Generated by Heme Oxygenase-1 
Suppresses the Rejection of Mouse-to-Rat Cardiac 
Transplants 1 

Koichiro Sato, 2 * Jozsef Balla, + Leo Otterbein,* R. Neal Smith,* Sophie Brouard * Yuan Lin,* 
Eva Csizmadia,* Jean Sevigny,* Simon C. Robson,* Gregory Vercellotti, 11 Augustine M. Choi,* 
Fritz H. Bach, 3 * and Miguel P. Soares 4 * 

Mouse-to-rat cardiac transplants survive long term after transient complement depletion by cobra venom factor and T cell 
immunosuppression by cyclosporin A. Expression of heme oxygenase-1 (HO-1) by the graft vasculature is critical to achieve graft 
survival. In the present study, we asked whether this protective effect was attributable to the generation of one of the catabolic 
products of HO-1, carbon monoxide (CO). Our present data suggests that this is the case. Under the same immunosuppressive 
regimen that allows mouse-to-rat cardiac transplants to survive long term (i.e., cobra venom factor plus cyclosporin A), inhibition 
of HO-1 activity by tin protoporphyrin, caused graft rejection in 3-7 days. Rejection was associated with widespread platelet 
sequestration, thrombosis of coronary arterioles, myocardial infarction, and apoptosis of endothelial cells as well as cardiac 
myocytes. Under inhibition of HO-1 activity by tin protoporphyrin, exogenous CO suppressed graft rejection and restored long- 
term graft survival. This effect of CO was associated with inhibition of platelet aggregation, thrombosis, myocardial infarction, and 
apoptosis. We also found that expression of HO-1 by endothelial cells in vitro inhibits platelet aggregation and protects endothelial 
cells from apoptosis. Both these actions of HO-1 are mediated through the generation of CO. These data suggests that HO-1 
suppresses the rejection of mouse-to-rat cardiac transplants through a mechanism that involves the generation of CO. Presumably 
CO suppresses graft rejection by inhibiting platelet aggregation that facilitates vascular thrombosis and myocardial infarction. 
Additional mechanisms by which CO overcomes graft rejection may involve its ability to suppress endothelial cell apoptosis. The 
Journal of Immunology, 2001, 166: 4185-4194. 



Survival of a transplanted organ is thought to relate mainly 
to the success of immunosuppression, in terms of blocking 
the immune response that leads to graft rejection. How- 
ever, it is becoming clear that the graft itself can mitigate the 
pathological consequences of this immune response and therefore 
contribute to promote its own survival (1-3). We have investigated 
this phenomenon in mouse hearts transplanted into rats, a model of 
xenotransplantation (1, 4-6). In this experimental situation, graft 
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rejection occurs 2-3 days after transplantation, through a process 
referred to as acute vascular rejection (4-7). This type of rejection 
can occur in the absence of T cells, through the generation of T 
cell-independent Abs of the IgM isotype (8). Complement activa- 
tion by these Abs leads to endothelial cell activation, which is. 
associated with the expression of a series of proinflammatory 
genes that promote thrombosis as well as activation of host leu- 
kocytes. Presumably, expression of these proinflammatory genes 
contributes in a critical manner to the pathogenesis of acute vas- 
cular rejection (9). 

Rejection of mouse-to-rat cardiac transplants is prevented when 
the recipient is treated at the time of transplantation with cobra 
venom factor (CVF) 5 to block complement activation and daily 
thereafter with cyclosporin A (CsA) to block T cell activation (4). 
We refer to graft survival under this regimen as "accommodation" 
(5, 10). Naive grafts transplanted into the same recipient 10 days 
after transplantation of the first graft undergo hyperacute rejection 
in a few minutes, suggesting that accommodated grafts are actively 
protected against rejection (5, U). We have argued that accom- 
modation is dependent on the expression by the graft vasculature 
of a series of protective genes (3, 5) including the stress-responsive 
gene heme oxygenase-1 (HO-1; Refs. 1, 3-6, 12). We have shown 
that this is the case, and in particular that the expression of the 
protective gene HO-1 contributes in a critical manner to establish 
accommodation. This is illustrated by the observation that hearts 



s Abbreviations used in this paper CVF. cobra venom factor. CsA. cyclosporin A: 
HO. heme oxygenase: CO, carbon monoxide; M<i, macrophages; CoPPDC. cobalt 
protoporphyrin; FePPDC, iron protoporphyrin; SnPPlX. tin protoporphyrin; Act.D. 
actinomycin D: ppm. parts per million: H&E. hematoxylin and eosin; CH50. com- 
plement hemolytic assay. 
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from HO- 1 -deficient (HO-l -/ ~) mice transplanted into rats treated 
with CVF plus CsA undergo acute vascular rejection, whereas 
hearts from wild-type HO-l + ' + mice transplanted under the same 
regimen accommodate and survive long term (1). The mechanism 
by which HO-1 promotes accommodation remains to be 
established. 

HOs are the rate-limiting enzymes in the catabolism of heme 
into bilirubin, free iron, and carbon monoxide (CO; Refs. 13, 14). 
Expression of HO-1 is up-regulated in most cell types exposed to 
oxidative stress, whereas the constitutive expression of HO-2 is not 
up-regulated under these conditions (13, 14). Analyses of HO- 
1~'~ mice suggest that HO-1 regulates iron homeostasis (15) 
while acting as a cytoprotective gene (16). In addition, HO-1 may 
have potent antiinflammatory (16-19) and antiapoptotic effects (1, 
20, 21). Findings consistent with such biological functions were 
confirmed in a case report of HO-1 deficiency in humans (22). 

The molecular mechanism(s) responsible for the cytoprotective 
effects of HO-1 remain largely unknown. The current view is that 
HO- 1 has a diverse spectrum of cytoprotective effects that are as- 
sociated with the different end products of heme catabolism (13, 
14). One these products, i.e., CO, has potent cytoprotective effects 
(23). These include the induction of vasorelaxation and suppres- 
sion of platelet aggregation (24-26), both of which are mediated 
through the activation of the enzyme guanylyl cyclase and subse- 
quent generation of cGMP. In addition, CO inhibits the proinflam- 
matory phenotype associated with the activation of monocyte/mac- 
rophages (Md>; Ref. 27). CO also protects, endothelial cells from 
undergoing apoptosis (1, 28). Both these biological actions of CO 
act through the activation of the p38 mitogen-activated protein 
kinase pathway, independently of the activation of guanylyl cy- 
clase or cGMP generation (27, 28). Presumably, these biological 
properties of CO contribute in a critical manner to the overall 
cytoprotective and antiinflammatory actions of HO-1 and thus may 
be a central component on the mechanism by which HO- 1 sup- 
presses the rejection of transplanted organs (1, 29, 30). In this 
study, we tested whether or not the ability of HO- 1 to suppress the 
rejection of mouse-to-rat cardiac grafts depends on the generation 
of CO. Our results suggest that this is the case. 

Materials and Methods 

Animals 

BALB/c mouse hearts were used as donor organs for transplantation into 
inbred adult male Lewis rats (Harlan Sprague-Dawley, Indianapolis, IN). 
Animals were housed in accordance with guidelines from die American 
Association for Laboratory Animal Care, and research protocols were ap- 
proved by the Institutional Animal Care and Use Committees of the Beth 
Israel Deaconess Medical Center. 

Surgical model 

Animals were anesthetized by a combination of methoxyflurane (Pitman- 
Moore, Mundelain, DL) inhalation and pentobarbital (Abbott, North Chi- 
cago, IL) at a dose of 30-50 mg/kg i.p. during all procedures. Heterotopic 
cardiac transplants were performed as described before (1, 4). Graft sur- 
vival was assessed daily by palpation, and rejection was diagnosed by 
cessation of ventricular contractions and confirmed by histologic 
examination. 

Experimental reagents 

CVF (Quidei, San Diego, CA) was administered i.p. on day - 1 (60 U/kg) 
and on day 0 (20 U/kg) with respect to the day of transplantation (day 0). 
CsA (Novartis Pharma, Basel, Switzerland) was administered daily i.m. 
(IS mg/kg) starting at day 0 and daily thereafter until the end of each 
experiment Tin protoporphyrin (SnPPIX), cobalt protoporphyrin (CoP- 
PDC), and iron protoporphyrin (FePPDC; Porphyrin Products, Logan, UT) 
were diluted in 100 raM NaOH to a stock solution of 50 mM and kept at 
-70°C until used. Light exposure was limited has much as possible. Both 
SnPPDC and FePPDC were administered i.p. (30 ;iM/kg) in PBS. FePPDC 
and SnPPDC were administered to the donor at days -2 and -1 (30 nMJ 



kg) and to the recipient at the time of transplantation (day 0) and daily 
thereafter (30 ^M/kg). 

CO exposure 

Briefly, CO at a concentration of 1% (10.000 parts per million; ppi.- ; . ; n 
compressed air was mixed with balanced air (21% oxygen) in a starr.iiss 
steel mixing cylinder before entering the exposure chamber. CO concen- 
trations were controlled by varying the flow rates of CO in a mixing cyl- 
inder before delivery to the chamber. Because the flow rate is primarily 
determined by the 0 2 flow, only the CO flow was changed to deliver the 
final concentration to the exposure chamber. A CO analyzer (InterScan 
Corporation, Chatsworth, CA) was used to measure CO levels continu- 
ously in the chamber. Graft donors were placed in the CO exposure cham- 
ber 2 days before transplantation. Graft recipients were placed in the ex- 
posure chamber immediately following transplantation and were kep: in 
the exposure chamber during 14 (n = 3) or 16 (n = 3) days. CO cone -ti- 
tration was maintained between 250 and 400 ppm at all times. Am : :> 
were removed daily from the chamber to assess for graft survival an. ro 
administer CsA; SnPPDC, or FePPDC. as described above. 

HO enzymatic activity 

HO enzymatic activity was measured by bilirubin generation in heart and 
liver microsomes. Animals were sacrificed, and the liver and hearts were 
flushed with ice-cold PBS and frozen at -70°C until used. Organs were 
homogenized in four volumes of sucrose (250 mM) Tris-HCl (10 mM/L) 
buffer (pH 7.4) on ice and centrifuged (28,000 X g, 20 min. 4°C). The 
supernatant was centrifuged (105,000 x g, 60 min. 4°C). and the micro- 
somal pellet was resuspended in MgCU (2 mM/L)-potassium phosphw.e 
(100 mM) buffer (pH 7.4) and sonicated on ice. The samples (1 -f 
protein) were added to the reaction mixture (400 /xl) containing rat ii 
cytosol (2 mg of protein), hemin (50 jiM), glucose-6-phosphate (2 mM). 
glucose-6-phosphate dehydrogenase (0.25 U), and NADPH (0.8 mM) tor 
60 min at 37°C in the dark. The formed bilirubin was extracted with chlo- 
roform and A OD was measured at 464-530 nm (extinction coefficient, 40 
mM/L/cm for bilirubin). Enzyme activity is expressed as pico moles of 
bilirubin formed per milligram of protein per 60 min (pmol/mg/h). The 
protein concentration was determined by the bicinchoninic acid protein 
assay (Pierce, Georgetown). The background of the technique was -5 
pmol/mg/h. All reagents used in this assay were purchased from Sigma (St. 
Louis, MO), unless otherwise indicated. 

Carboxyhemoglobin was measured 2 days after transplantation by u.-::. 3 
a Coming 865 blood gas analyzer (Clinical Chemistry, Massachusetts C : /. 
eral Hospital, Boston. MA). 

Histomorphometric analysis 

Grafts were harvested 3 days after transplantation, embedded in paraffin, 
fixed in formalin, and serially sectioned (5 ^.m) in toto from the apex to the 
base. Ten sections were placed per slide in a total of about 20-25 slides. 
Every fifth slide was stained with hematoxylin and eosin (H&E) for his- 
tomorphometric analysis. Two images per slide were captured by using a 
Nikon Eclipse E600 microscope (Nikon, Melville, NY) connected 10 a 
Hitachi 3-CCD Color Camera (model HV-C20; Hitachi. Tokyo, Japan) ai-d 
to a Power Macintosh 7300/200 computer (Apple Computer. Cupert::: . 
CA) equipped with IPLab Spectrum digital imaging software (Signal Ana- 
lytics Corporation, Vienna, VA). About 50 images were captured from 
each transplanted heart from two to three animals per group. Images were 
analyzed by manual segmentation, tracing the infarcted and noninfarcted 
areas from the right and left ventricles in each section. Areas corresponding 
to infarcted and noninfarcted tissue were calculated by digital imaging 
software as number of pixels corresponding to those areas. Infarcted and 
noninfarcted areas were then calculated as percentage of total area. Pooled 
data for each group, expressed as area in pixels or as percentage of infarc- 
tion, was analyzed by using ANOVA. Results obtained in this manner were 
similar whether using either pixels or percentage of infarction and only the 
results obtained using percentage of infarction are shown (see Table ?\ 
Results are expressed as mean ± SD. 

Immunohistology 

Grafts were harvested 3 days after transplantation, snap- frozen in liquid 
nitrogen, and stored at -80°C. Cryostat sections were fixed and stained as 
described previously (1). Rat leukocyte populations were analyzed by us- 
ing anti-rat leukocyte common Ag (LCA, CD45: OX-1). a& TCR 
(TCRaB-chains; R73), B cell (CD45RB; OX-33), NK cell (NKR-P1: 
3.2.3), M4> (CD68; ED- 1), and mAbs (Serotec. Harlan Byproducts for 
Science, Indianapolis, IN). Detection of fibrin/fibrinogen was conducted by 
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Table I. inhibition of HO- 1 activity by SnPPIX precipitates graft 
rejection 0 



Treatment 






Survival Time (days) 


CVF + CsA 


>50 


(n = 


8) 


CVF + CsA + FePPIX 


>50 


in = 


4) 


CVF + CsA + SnPPIX 


3, 4, 


5(n 


= 2); 6 (n - 4); 7 (n = 2) 



" Mouse hearts were transplanted into CVF plus CsA-treated rats. When indicated, 
graft recipients were treated with FePPIX or SnPPIX, as described in Materials and 
Methods. Treatment with SnPPIX induced graft rejection 3-7 days after transplanta- 
tion (p < 0.0001 as compared to rats treated with CVF plus CsA alone or with CVF 
plus CsA plus FePPIX). Statistical analyzes were carried out using Fisher's exact test. 



using a rabbit anti-human fibrin/fibrinogen polyclonal Ab (Dako, Carpin- 
teria, CA). Intragraft complement activation was detected by using an anti- 
rat Clq (The Binding Site, Birmigharn, U.K.), C3 (EDIU Serotec), or 
C5b-9 mAbs (Dako). Rat IgM was detected by using the mouse anti-rat 
IgM mAb MARM-4 (a kind gift of Dr. H. Bazin, University of Louvain, 
Brussels, Belgium). Isotype-matched mAbs or purified Ig, as well as a 
control for residual endogenous peroxidase activity, were included in each 
experiment. Detection of apoptosis was conducted by using ApopTag in 
situ apoptosis detection kit (Oncor, Gaithersburg, MD) according to the 
manufacturer's instructions. 

Complement hemolytic assay (CH50) 

CH50 units were defined as the dilution of rat serum required to produce 
50% maximal lysis of Ab-sensitized sheep erythrocytes. Briefly, Ab-sen- 
sitized sheep erythrocytes (1 X to 8 cells/ml; Sigma) were incubated (30 
min, 37°C) with rat serum in gelatin Veronal buffer (GVB*"; Sigma). 
Cells were centrifuges and hemoglobin release was measured (A = 550 
nm). Background was measured in the absence of sheep erythrocytes or in 
the absence of serum and subtracted from, all samples. 

Cellular EUSA 

Serum levels of rat anti-mouse Abs were measured by cellular-based in- 
direct ELISA. The mouse 2F-2B endothelial cell line (CRL-2168; Amer- 
ican Type Culture Collection (ATCC), Manassas, VA) was used as an 
antigenic target Briefly. 2F-2B cells were cultured in DMEM (Life Tech- 
nologies, Rockville, MD), 10% FCS, 100 U/ml penicillin, and 100 /Ag/ml 
streptomycin (Life Technologies). Glutharaldehyde-fixed 2F-2B cells were 
incubated (1 h, 37°C) in the presence of rat serum serially diluted in PBS 
0.05% Tween 20 (Sigma) and rat anti-mouse Abs were detected bv using 
mouse anti-rat IgM (MARM-4), IgGl (MARG1-2), IgG2a (Marg2a-1), 
IgG2b (MARGb-8), or IgG2c (MARG2c-5) (kind gifts from Prof. H. Ba- 
zin, University of Louvain, Brussels, Belgium). Mouse anti-rat Abs were 
detected by using HRP-labeled goat anti-mouse Fab' depleted from anti-rat 
Ig cross reactivity (0.1 ^g/tol, 1 b, room temperature; Pierce, Rockford, 
IL). HRP was revealed by using orr/iophenyldiamine (Sigma) and H,0 2 
(0.03%) in citrate buffer (pH 4.9). Absorbance was measured at A = 490 
nm. The relative amount of circulating anti-graft Abs in the serum was 
expressed as OD (A = 490) taken from one serial dilution in the linear 
range of the assay (1:32-1:1024). 

Binding of rat C3 to mouse endothelial cells was measured by a mod- 
ified cellular ELISA with mouse 2F-2B endothelial cells as antigenic tar- 
gets (8). Briefly, nonfixed 2F-2B endothelial cells were incubated in the 
presence of rat serum serially diluted in GVB*'*" buffer (1 h, 37°C). Cells 
were fixed in PBS, 0.05% glutharaldehyde. and rat C3 deposition was 
detected by using a mouse anti-rat C3 mAb (Serotec). 

Platelet aggregation assay 

Mouse 2F-2B endothelial cells were cultured on 0.2% gelatin (Sigma)- 
coated six- well plates in 88% DMEM (Life Technologies), 10% FCS 
(FCS), 100 U/ml penicillin, and 100 jig/ml streptomycin (Life Technolo- 
gies). Confluent endothelial cells either were left untreated or were treated 
with the HO-inducing agent CoPPDC (50 nM; 18 h), the HO inhibitor 
SnPPDC (50 uM, 18 h), or both CoPPDC (50 fiM, 15 h) and SnPPDC (50 
MM, 3 h). Platelet-rich plasma was obtained by centrifugation (290 x g, 12 
min, 19°C) of normal rat plasma in 3.8% sodium citrate. Rat platelets (3 X 
10 8 cells/ml) were resuspended in.HT buffer (8.9 mM NaHC0 3 , 0.8 raM 
KH 2 PO, 5.6 mM dextrose, 2.8 mM KC1 solution, 0.8 mM MgCl 2 , 129 mM 
NaCl, 10 mM HEPES). Platelets were overlaid (5 min; 37°C) on mouse 
endothelial ceils, and platelet aggregation assay were conducted as de- 
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scribed before (31) by using an aggregometer (Chrono-Log, Harestown. 
PA) and ADP (0.5-4 pM) as an agonist. 

Cell extracts and Western blot analysis 

Endothelial ceils were washed in PBS (pH 7.2). harvested by scraping, and 
lysed in Laemmli buffer. Electrophoresis was conducted under denaturing 
conditions with 10% polyacrylamide gels. Proteins were transferred onto a 
polyvinyldifluoridine membrane (Immobilon P; Millipore. Bedford, MA) 
by electroblotting and detected with rabbit polyclonal Abs directed against 
human HO-1 or HO-2 (StressGen, Victoria, Canada) or B-tubulin (Boehr- 
inger Mannheim, Mannheim, Germany). Proteins were visualized by using 
HRP-conjugated donkey anti-rabbit IgG or goat anti-mouse IgG (Pierce) 
and the ECL assay (Amersham Life Science. Arlington Heights. IL) ac- 
cording to manufacturer's instructions. 

Transient transfections and apoptosis assay 

The murine 2F-2B endothelial cell line (ATCC) was transiently transfected 
as described elsewhere (1, 28). All experiments were conducted 24-48 h 
after transfection. /3-galactosidase-transfected cells were detected as de- 
scribed elsewhere (I. 28). Percentage of viable cells was assessed by eval- 
uating the number of B-galactosidase-expressing cells that retained normal 
morphology as described elsewhere (1, 28). The number of random fields 
counted was determined to have a minimal of 200 viable transfected cells 
per control well. The percentage of viable cells was normalized for each 
DNA preparation to the number of transfected cells counted in the absence 
of the apoptosis-inducing agent (100% viability). All experiments were 
performed at least three times in duplicate. Actinomycin D (Act.D; Sigma) 
was dissolved in PBS and added to the culture medium (10 ng/mi) 24 h 
after transfection. SnPPDC (Porphyrin Products) was dissolved (10 mM) in 
100 mM NaOH and conserved at -20°C until used. SnPPDC was added to 
the culture medium (50 fiM) 6 h after transfection. Human recombinant 
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FIGURE 1. Expression of HO-1 in mouse hearts transplanted into CVF 
plus CsA-treated rats. Mouse hearts were transplanted into rats treated with 
CVF plus CsA. A, Expression of HO-1 and 6-actin mRNA were detected 
by RT-PCR. -/- indicates RNA from HO- 1 -/ ~ mouse hearts used as a 
negative control. Histograms represent relative level of HO- 1 mRNA ex- 
pression normalized for expression of 0-actin mRNA. B, Mouse hearts 
were harvested 3 days after transplantation into CVF plus CsA-tteated rats. 
a, HO-1 Expression was detected using an anti-HO-l polyclonal rabbit 
anti-serum. Positive staining is indicated by black arrows, b. Negative con- 
trol was conducted by using nonspecific anti-serum. Stainings shown are 
representative of at least five samples analyzed. 
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FIGURE 2. SnPPIX Inhibits HO- 1 enzymatic activity in vivo. A. Mouse 
hearts were transplanted into untreated rats (ID or into rats treated with, 
CVF and CsA fill) plus FePPIX (IV) or SoPPDC (V). Total HO activity in 
donor and recipient hearts was measured 2 days after transplantation and 
compared with basal HO activity in normal mouse and rat hearts, respec- 
tively (I). Results shown are the mean ± SD of three animals analyzed for 
each treatment Statistical analyses were conducted by using unpaired 
Welsh t test 



TNF-a (R&D Systems. Minneapolis, MN) was dissolved in PBS, 1% BSA 
and added to the culture medium (10-100 ng/tnl) 24 h after transfection. 

Exposure of cultured endothelial cells to CO 

Cells were exposed to compressed air or varying concentration of CO (250 
and 10,000 ppra), as described elsewhere (27, 28). 

RT-PCR was conducted after RNA isolation from the transplanted 
hearts by using an RNA extracting kit, according with the manufacturers 
instructions (Qiagen, Chatsworth. CA). Primers used for mouse S-actin 
were: sense, CCTGACCGAGCGTGGCTACAGC; antisense. AGCCTC 
CAGGGCATCGGAC; and for mouse HO-1: sense. TCCCAGACAC 
CGCTCCTCCAG; antisense. GGATTTGGGGCTGCTGGTTTC. 



Results 

HO-1 enzymatic activity is critical to suppress acute vascular 
rejection 

Mouse hearts transplanted into untreated rats underwent a: vas- 
cular rejection 2-3 days after transplantation, an obser. : con- 
sistent with our previous reports (1,4). Under CVF plus CiA treat- 
ment, mouse cardiac grafts survived long term (Table I), a rinding 
also consistent with previous reports (1, 4). Under CVF plus CsA 
treatment, graft survival was associated with up-regulation of 
HO- 1 expression by graft endothelial and smooth muscle cells as 
well as by cardiac myocytes (Fig. 1). Expression of HO-1 mRNA 
was detected 12-24 h after transplantation and HO- 1 protein 24-72 h 
after transplantation (Fig. 1). Long-term graft survival did not occur 
when the HO inhibitor SrtPPIX was administered to the do-v :nd 
then to the recipient, despite treatment with CVF plus CsA :ut 
these conditions, all grafts were rejected in 3-7 days (Table i;. C .::..ol 
treatment with FePPIX, a protoporphyrin that does not inhibit HO 
activity, did not lead to graft rejection (Table I). 

To demonstrate that SnPPIX. but not FePPIX. blocked HO- 1 
function in vivo, total HO enzymatic activity was quantified in 
transplanted and recipient hearts 2 days after transplantation (Fig. 
2). Naive mouse hearts produced 35.5 i 4 picomols of bilirubin 
per milligram of total protein per hour (pmol/mg/h; Fig. 2). HO 
activity was significantly increased in mouse hearts transplanted 
into untreated (98 ± 7.21 pmol/mg/h; p = 0.001), CVF plu>. A 
(98.3 ± 7.23 pmol/mg/h)-treated. or CVF plus CsA plus Ft: r 'X 
(77.3 ± 5.51 pmol/mg/h; p - 0.0009)-treated rats, as compared 
with naive hearts (Fig. 2). HO activity was inhibited to basal lev- 
els, as present in naive hearts, in mouse hearts transplanted into 
rats treated with CVF plus CsA plus SnPPIX (32.37 ± 7.23 pmol/ 
mg/h). This represented a highly significant inhibition us compared 
with mouse hearts transplanted into untreated (p = 0.0009), CVF 
plus CsA (p = 0.0009)-treated, or CVF plus CsA plus FePPlX- 
treated rats (p - 0.0018; Fig. 2). HO activity in the recipient's 



FePPIX SnPPIX 



FIGURE 3, Mouse hearts transplanted into 
SnPPIX treated rats undergo myocardial infarc- 
tion. Mouse hearts were transplanted into CVF 
plus CsA-treated rats that received FePPIX (A, C 
and E) or SoPPDC (B, D, and F). Transplanted 
hearts were harvested 1 (A and B), 3 (C and D), or 
5 (£ and F) days after transplantation and stained 
with H&E. Samples A-D are X 80 magnifications 
and samples a-d X600 magnifications. 
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FIGURE 4. SnPPIX or FePPIX do not interfere with the generation of 
anti-graft Abs. Mouse hearts were transplanted into rats treated with CVF 
plus CsA. A, Serum level of anti-graft IgM Abs was evaluated by a cellular 
ELISA. Binding of rat C3 to mouse endothelial cells was evaluated by 
cellular ELISA. CH50 assay was evaluated by a standard hemolytic assay. 
Results shown are the mean ± SD (n = 3). B, Mouse hearts were trans- 
planted into rats treated with CVF plus CsA. Hearts were harvested 3 days 
after transplantation and evaluated for the binding of rat IgM to the mouse 
vascular endothelium. Results shown are one representative section from 
three animals analyzed. Samples (magnification X60) were counterstained 
with hematoxylin. 



Table 0. Exogenous CO fully substitutes HO- 1 in suppressing graft 
rejection" 

Treatment Survival Time (days) 



CVF + CsA + SnPPK 3. 4, 5 (n = 2); 6 (n = 4); 7 (n = 2) 
CVF + CsA + SnPPIX + CO >50 (n ~ 6) 

a Mouse hearts were transplanted into CVF plus CsA-created rats. When indicated, 
graft recipients were treated with SnPPDC with or without exposure to CO, as de- 
scribed in Materials and Methods. Craft rejection observed in SnPPK-treated rats 
was suppressed under exposure to exogenous CO (p < 0.0001 as compared to re- 
cipients treated with CVF plus CsA plus SnPPIX). Statistical analyzes were carried 
out using Fisher's exact test 



livers was also up-regulated after transplantation in a manner that 
mimicked that of the transplanted hearts (data not shown). How- 
ever, this was not the case for the recipient's heart, in which HO 
activity was not up-regulated following transplantation (Fig. 2). 

In grafts transplanted into SnPPIX- treated rats, there was pro- 
gressive myocardial infarction, which became apparent as early as 
2 days after transplantation (Fig. 3). This was not observed in 
grafts transplanted into control rats treated with FePPIX (Fig. 3). 

We have previously shown that rats that receive a mouse cardiac 
graft under CVF.plus CsA treatment generate anti-mouse Abs that 
are exclusively of the IgM isotype (4). Additional treatment with 
SnPPIX or FePPIX did not influence this Ab response (Fig. 4). 
Generation of antigraft Abs was correlated by complement acti- 
vation, as demonstrated by C3 deposition on mouse endothelial 
cells (Fig. 4). Neither SnPPIX or FePPIX treatment influenced C3 
deposition on mouse endothelial cells (Fig. 4). 

Exogenous CO fully substitutes HO- 1 enzymatic activity in 
suppressing acute vascular rejection 

All mouse hearts transplanted into rats treated with SnPPIX and 
exposed to CO (400 ppm; 0.04%) survived long term (Table II). 
The dose of CO used (400-500 ppm) corresponds to approxi- 
mately one-twentieth of the lethal dose (data not shown). Rats and 
mice exposed to CO did not exhibit untoward reactions. CO ex- 
posure was discontinued 14 (n «■ 3) or 16 (n = 3) days after 
transplantation without influencing graft survival, i.e., grafts con- 
tinued to function for >50 days (Table II). 
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FIGURE 5. Exogenous CO does not affect the ability of SnPPIX to suppress HO-1 activity. A, Mouse hearts were transplanted into rats treated with CVF 
plus CsA plus SnPPIX (II) or SNPPIX and CO (IH). Total HO activity was measured in donor's and recipient's hearts as well as in recipient's livers 2 
days after transplantation. HO activity in different specimens was compared with basal HO activity in normal mouse hearts (I), rat hearts (I), or livers (I), 
according to the sample analyzed. Results shown are the mean ± SD of three animals analyzed for each treatment. Statistical analyses were conducted by 
using unpaired Welsh t test. B, The same animals were analyzed for carboxyhemoglobin content 2 days after transplantation. Results shown are the mean ± 
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Table III. Morphometric analyze? 



\ FePPIX 



Treatment 



Right Ventricle Left Ventricle 



CVF + CsA 
CVF + CsA + FePPK 
CVF + CsA + SnPPIX 
CVF + CsA + SnPPK + CO 



4.5 ± 4.9 
12.2 ± 9.5 
26.1 £ 12.7* 

8.4 ± 5.3 



0.7 £2.1 
0.7 i 1.3 
37.6 ± 15.5* 
1.8 t. 3.4 



• Mouse hearts were transplanted into (n = 3 per group) CVF plus CsA-waled 
rats Vindicated graft recipients were treated with FePPIX and SnPPIX and 
IriB CO. as described in Materials and Methods. Results are shown as per- 
Xge of infarcted area as described in Materials and Meikods. .f^J^" 
were carried out using ANOVA tesL An asterisk indicates significant difference as 
compared to all other treatments. 



To determine whether exogenous CO interfered with inhibition 
of HO-1 enzymatic activity by SnPPLX, which could account for 
the ability of CO to suppress graft rejection, we tested whether or not 
CO affected HO enzymatic activity in hearts transplanted into 
SnPPIX-treated rats. As shown in Fig. 5, this was not the case. Total 
HO enzymatic activity in hearts transplanted under SnPPDC treatment 
(32 37 ± 7.23 pmol/mg/h) was not significantly different from that 
of hearts transplanted into rats treated with SnPPDC and exposed to 
CO (43.6 ± 7.57 pmol/mg/h; /> = 0.1095; Fig. 5). Similar results were 
obtained in the recipient's livers and hearts (Fig. 5). 

We have hypothesized that exogenous CO may substitute HO-1 
activity in preventing graft rejection. Achieving such a result relied 
on the assumption that sufficient level of exogenous CO could be 
"loaded" by inhalation into RBC and then delivered through the 
circulation into the graft at an adequate concentration. Our as- 
sumption was that under inhibition of HO-1 activity by SnPPIX, 
exogenous CO would mimic the effect of endogenous CO that is 
produced when HO-1 enzymatic activity is not impaired. Exposure 
of the recipient to 400 ppm of exogenous CO increased carboxy- 
lhemoglobin from 0.5-1.5% to 32.1 ± 6.9% (Fig. 5). The fact that 
the transplanted hearts survived when exposed to CO, even under 
these suppressive effects of SnPPIX, shows that this level of CO 
was sufficient to adequately "charge" RBC, deliver CO into the 
graft, and suppress graft rejection (Fig. 5). 

We then asked whether exogenous CO suppressed the develop- 
ment of myocardial infarction that characterizes graft rejection in 
SnPPIX-treated rats (Fig. 3). To test this hypothesis, grafts were 
harvested 3 days after transplantation and quantified for the per- 
centage of infarcted area. Hearts transplanted into untreated rats 
showed nearly complete transmural infarction of the right ventricle 
(87.1 ± 4.9% of the right ventricle area) with extensive endomyo- 
cardial and transmural infarction of the left ventricle (32.0 ± 6.7% 
of the left ventricle area; data not shown). Infarctions showed non- 
viable eosinophic myocardium lacking nuclei with interstitial hem- 
orrhage, edema, and neutrophils. Left ventricle infarctions were 
always endomyocardial with transmural extension depending on 
the degree of infarction, and those in the right ventricle were more 
diffuse in origin. The percentage of infarcted area in both ventri- 
cles generally increased from the apex to the base of the heart. 
Hearts transplanted into CVF plus CsA-treated rats showed only 
small, diffuse, nontransmural areas of infarction in the right (4.5 ± 
4 9%) but not in the left (0.7 ± 2.1%) ventricle (Table ffl). Hearts 
transplanted into CVF plus CsA plus FePPK-treated rats showed 
small diffuse areas of infarction in the right (12.2 ± 9.5%) but not 
in the left (0.7 ± 1.3%) ventricle (Table US). These hearts were 
indistinguishable from those transplanted into CVF plus CsA- 
treated rats without FePPK treatment (Fig. 6). Hearts transplanted 
into CVF plus CsA plus SnPPIX-treated rats showed significant 
transmural right ventricular infarctions (26.1 ± 12.7%) with ex- 
tensive endomyocardial and transmural left ventricular infarctions 
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FIGURE 6. Exogenous CO suppresses myocardial infarction associated 
with the rejection of mouse hearts transplanted under SnPPIX treatment. 
Mouse cardiac grafts were harvested 3 days after transplantation {n = 3-6 
per group) into CVF plus CsA-treated rats. When indicated, graft recipients 
were treated with FePPIX or SnPPIX and exposed to CO (250-400 ppm). 
Sections were stained with H&E. A representative field (magnification 
X200) in the septal wall is illustrated for each treatment. Similar result. 
we"re observed for left ventricular wall sections (data not shown). 

(37.6 ± 15.5%) (Table IE) in a pattern that was indistinguishable 
from that of hearts transplanted into untreated rats (Fig. 6). These 
lesions were specific to the transplanted heart. The recipients' na- 
tive hearts did not develop any infarction. The percentage of in- 
farcted area in hearts transplanted into SnPPIX-treated rats was 
significantly higher (p < 0.001) as compared with that of hearts 
transplanted into rats treated with CVF plus CsA with or without 
FePPIX treatment (Table III). Hearts transplanted into SnPPIX- 
treated rats that received exogenous CO showed very little infarc- 
tion of the right (8.4 s 5.3%) and left (1.8: 3.4%) ventricles 
(Table 111), with patterns that were similar to those ot hearts trans- 
planted into CVF plus CsA-treated rats with or without FePPIX 
treatment (Fig. 6). The percentage of infarcted area in hearts trans- 
planted into SnPPIX-treated rats that received exogenous CO was 
not significantly different from that of hearts transplanted into CVF 
plus CsA-treated rats with or without FePPIX treatment. However, 
the percentage of infarcted area in these hearts was significantly 
different (p < 0.001) from that of hearts transplanted under the 
same treatment but that did not receive exogenous CO. 

Exogenous CO suppresses vascular thrombosis and monocyte/ 
M4> infiltration that characterize acute vascular rejection 
Mouse hearts transplanted into CVF plus CsA-treated rats with or 
without FePPIX treatment showed extensive intravascular deposi- 
tion of rat IgM and Clq (Fig. 7) but no detectable IgG, C3, or 
C5b-9 (data not shown). HO-2, HO- 1 , and ferritin were detected in 
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FIGURE 7. Exogenous CO suppresses vascular thrombosis and leuko- 
cyte infiltration associated with the rejection of mouse hearts transplanted 
under SnPPIX treatment Mouse hearts were transplanted into CVF plus 
CsA-treated rats. When indicated, SnPPIX or FePPEX was administered 
and graft recipients were exposed to CO (250-400 ppm). Grafts were 
harvested 3 days after transplantation (n = 3 per group) and stained for rat 
IgM (a,/, and k), rat and mouse complement Clq (b, g, and I), rat and 
mouse P-selectin (c, h, and m), rat and mouse fibrin/fibrinogen {d. i, and n), 
and rat CD45 expressing leukocytes (e, j, and o). All sections are -600 
magnifications counterstained with hematoxylin. Positive stainings are in- 
dicated by black arrows. Notice similar levels of rat IgM vascular depo- 
sition and rat Clq activation in hearts transplanted into control FePPIX- (a 
and b). SnPPIX- (/and g), or SnPPIX plus exogenous CO-treated (k and D 
rats. P-selectin expression associated with platelet aggregation was ob- 
served in hearts transplanted into SnPPIX-treated rats {h) but not in hearts 
transplanted into control FePPIX-treated rats (c) or into rats treated with 
SnPPIX and exposed to CO from the time of transplantation (m). Fibrin/ 
fibrinogen were detected lining the vasculature of all grafts, whereas in- 
travascular fibrin deposition was detected only in hearts transplanted into 
SnPPIX-treated rats (0 but not in hearts transplanted into control FePPDC- 
treated rats (d) or into rats treated with SnPPIX and exposed to CO after 
transplantation (n). Extensive infiltration by rat CD45 leukocytes was ob- 
served in hearts transplanted into SnPPIX-treated rats (J), whereas minimal 
infiltration was observed in hearts transplanted into control FePPIX-treated 
rats (e) or into rats treated with SnPPIX and exposed to CO after trans- 
plantation (o). 



graft endothelial and smooth muscle cells as well as in cardiac 
myocytes (data not shown). There was only minimal vascular 
thrombosis or infiltration by host leukocytes usually associated 
with focal areas of infarction (Fig. 7). There was low but detect- 
able P-selectin expression on the vascular endothelium (Fig. 7). 

Hearts transplanted into CVF plus CsA-treated rats, under inhi- 
bition of HO-1 activity by SnPPDC, showed similar levels of in- 
travascular deposition of IgM and Clq as compared with control 
FePPIX-treated rats (Fig. 7) and no detectable IgG, C3, or C5b-9 
(data not shown). There was widespread vascular thrombosis of 
large coronary vessels associated with P-selectin-expressing plate- 
let aggregates (Fig. 7) and intravascular fibrin (Fig. 7). Thrombi 
were consistently observed in large coronary vessels at the base of 
the heart. There were no detectable P-selectin-expressing platelet 
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FIGURE 8. Up-regulation of HO- 1 in endothelial cells inhibits platelet 
activation. Mouse 2F-2B endothelial cells were left untreated (NT) or were 
treated with CoPPIX (50 /aM, 16 h) to up-regulate HO-1 activity, SnPPIX 
to suppress HO- 1 activity (50 ju,M, 16 h), or CoPPLX (50 uM, 12 h) plus 
SnPPIX (50 fM, 4 h) to control for the specificity of CoPPIX in up- 
regulating HO-1 activity. A, Rat platelets were isolated, overlaid onto the 
mouse endothelial cells for 5 min, and tested for aggregation after stimu- 
lation with 2 /xM ADP. B, HO- 1 and HO-2 protein expression in untreated 
(NT), CoPPIX-, SnPPIX-. or CoPPIX plus SnPPIX-treated mouse endo- 
thelial cells was detected by Western blot. Results were normalized to the 
expression of 0-tubuiin. Notice that both CoPPIX and SnPPIX up-regulate 
HO-1 protein expression on mouse endothelial cells. However, SnPPIX 
inhibits HO-1 enzymatic activity whereas CoPPIX does not (38). 



aggregates in the microvasculature (data not shown). There was 
extensive graft infiltration by host neutrophils as well as by CD45^ 
leukocytes (Fig. 7) expressing the monocyte/M<p marker CD68/ 
ED-1 and MHC class II Ags (data not shown). Infiltrating mono- 
cyte/Md) were found near arterioles and scattered throughout the 
myocardium, associated with areas of infarction (Fig. 7). 

Hearts transplanted into SnPPIX-treated rats that were exposed 
to CO were essentially indistinguishable from those transplanted 
into rats treated with CVF plus CsA with or without FePPIX (Fig. 
7). These hearts showed similar level of IgM and Clq vascular 
deposition as compared with hearts transplanted into recipients 
treated with SnPPIX but not exposed to CO (Fig. 7). Under CO 
exposure, there were no signs of vascular thrombosis as revealed 
by the lack of detectable P-selectin-expressing platelet aggregates 
or intravascular fibrin (Fig. 7). P-selectin was detected on the graft 
vascular endothelium (Fig. 7). There was some level of mono- 
cyte/Md) infiltration associated with small focal areas of infarction 
(Fig. 7). 

Up-regulation of HO- 1 in endothelial cells inhibits platelet 
aggregation 

Given the absence of platelet aggregation in grafts transplanted 
into rats exposed to CO (Fig. 7), we questioned whether expression 
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FIGURE 9. CO suppresses endothelial cell apoptosis. A, Mouse hearts 
where transplanted into rats treated with, CVF. CsA. and FePPIX, (a), 
CVF. CsA, and SnPPIX (fr) or. CVF, CsA, SnPPIX. and CO (c). Hearts 
were harvested 3 days after transplantation and analyzed by using a per- 
oxidase-based TUNEL technique. All panels are X300 magnification from 
cryostat sections counterstained with hematoxylin. One representative sam- 
ple from three animals is shown. B. Mouse 2F-2B endothelial cells were 
transiently cotransfected with 0-galactosidase with or without HO-1. 
Transfected cells were stained with X-Gal and the number of "blue cells" 
retaining a normal morphology was counted. Notice rounded-shaped apo- 
ptotic cells (arrows) in samples treated with TNF-a plus Act.D. C, Mouse 
2F-2B endothelial cells were transiently cotransfected with /3-galactosidase 
with or without HO-1, as in A. Transfection with the pcDNA3 vector was 
used as a control. Gray histograms represent cells treated with Act.D alone 
and black histograms represent cells treated with AclD plus TNF-a. When 
indicated, endothelial cells were treated with SnPPK (50 uM) and exposed 
to exogenous CO (10,000 ppm). Results shown are mean ± SD of three 
it experiments. 



of HO-1 in endothelial cells would inhibit platelet aggregation in 
vitro. The hypothesis was that CO generated by endothelial cells 
expressing HO-1 might be sufficient to suppress platelet aggrega- 
tion. To test this hypothesis, mouse endothelial cells were exposed 
to CoPPIX or SnPPIX to induce or suppress HO activity in these 
cells, respectively. Platelets were overlaid on the endothelial cells 
and tested for their ability to aggregate on stimulation by ADP (2 
pM). Platelets overlaid on untreated endothelial cells aggregated 
normally when stimulated with ADP (Fig. 8). When platelets were 
exposed to endothelial cells pretreated with SnPPIX, platelet ag- 
gregation was enhanced as compared with platelets exposed to 
untreated endothelial cells (Fig. 8). This observation indicates that 



untreated endothelial cells have a basal level of HO activity pre- 
sumably attributable to constitutive expression of HO-2 in these 
cells (Fig. 8). When platelets were exposed to endothelial cells 
pretreated with CoPPIX, platelet aggregation was significantly in- 
hibited as compared with platelets exposed to untreatc > r 
SnPPIX-treated endothelial cells (Fig. 8). This inhibitory C!l -t 
was suppressed when platelets were exposed to endothelial calls 
treated with both CoPPIX and SnPPIX (Fig. 8). Both CoPPIX and 
SnPPIX up-regulated the expression of HO- 1 in cultured endothe- 
lial cells (Fig. 8). The differential effects of these protoporphyrins 
should be attributed to the ability of SnPPIX to act as a potent 
inhibitor of HO-1 enzymatic activity. 

HO-1 generates CO that suppresses endothelial cell apoptosis 

One of the main features that characterizes the rejection of rr - 
hearts transplanted into rats treated with SnPPIX is the widesp: -.-.j 
apoptosis of endothelial cells and cardiac myocytes (Fig. 9). Ap- 
optosis did not occur in mouse hearts transplanted into rats treated 
with FePPIX (Fig. 9). Given the ability of HO-1 to suppress en- 
dothelial cell apoptosis in vitro (1, 28), we asked whether this ' 
cytoprotective effect was mediated via the generation of CO. Ap- 
optosis did not occur in mouse hearts transplanted into rats treated 
with SnPPIX and exposed to CO, suggesting that this was the case 
(Fig. 9)! To further test this hypothesis, we analyzed in vitro 
whether under inhibition of HO-1 activity by SnPPIX exoger; s 
CO would suppress endothelial cells from undergoing TNF-a- ;:. - 
diated apoptosis. The data illustrated in Fig. 9 suggests that this is 
the case. Overexpression of HO-1 suppressed TNF-a- mediated en- 
dothelial cell apoptosis, such as it occurs in the presence of Act.D 
(Fig. 9; I, 28). The antiapoptotic effect of HO- 1 is mediated 
through its enzymatic activity because exposure of endothelial 
cells to SnPPIX blocked the antiapoptotic effect of HO-1 (Fig. 9). 
Under inhibition of HO-1 activity by SnPPIX. exogenous CO 
(10,000 ppm) suppressed TNF-a- mediated apoptosis, suggesting 
that HO-1 suppresses endothelial cell apoptosis via the gener::: ; -i 
of CO (Fig. 9). 

Discussion 

HO- 1 is expressed by endothelial cells, smooth muscle cells, and 
myocytes of mouse cardiac grafts that survive long term in rats 
treated with CVF plus CsA (1, 3, 4, 6). Expression of HO-1 is 
essential to prevent graft rejection (1). The mechanism(s) by which 
HO-1 functions to prevent graft rejection are not well defined but 
presumably rely on the generation of one or several end products 
of heme degradation by this enzyme, i.e., bilirubin, free :r <i. 
and/or CO. We now provide evidence suggesting that this is 
case and that this protective effect is attributable in large measure 
to the generation of CO. By using SnPPIX to suppress HO-1 en- 
zymatic activity, we demonstrate that HO enzymatic activity is 
essential for the survival of mouse hearts that are transplanted into 
CVF plus CsA-treated rats (Table I and Fig. 3). Inhibiting HO- 1 
activity by SnPPIX led to graft rejection in a manner that was 
indistinguishable from that observed when HO-1 -deficient (H0- 
l -/ ~) mouse hearts are transplanted under the same immunosup- 
pressive regimen, both with regard to the time of rejection (T»!>ie 
I and Fig. 3; Ref. 1) and to the pathogenesis of rejection (Fic;. 3 
and 7; Ref. 1). In the absence of HO-1 or under inhibition of HO 
activity by SnPPIX, graft rejection was characterized by wide- 
spread hemorrhagic infarction associated with vascular thrombosis 
and leukocyte infiltration (Figs. 3 and 7). These lesions did not 
occur in control recipients treated with FePPIX under the same 
immunosuppressive regimen (Figs. 3 and 7). This data suggests 
that HO-1 suppresses graft rejection by preventing thrombosis and 
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infarction that lead to this type of rejection, a finding consistent 
with those of others (32). 

One possible explanation for the requirement of HO-1 to sup- 
press graft rejection is that HO-1 enzymatic function is necessary 
to eliminate proinflammatory free heme as it accumulates through 
release of oxidized hemoglobin and myoglobin after transplanta- 
tion. When HO-i activity is suppressed, proinflammatory heme 
would accumulate and trigger endothelial cell activation and the 
expression of proinflammatory genes presumably involved in the 
pathogenesis of graft rejection (33). An alternative but not mutu- 
ally exclusive explanation would be that HO enzymatic activity is 
needed to generate one or more of the end-products of heme ca- 
tabolism, e.g. bilirubin, free iron that leads to ferritin expression, 
and/or CO. These antiinflammatory molecules would then abro- 
gate the proinflammatory responses that lead to graft rejection. We 
favored the second hypothesis and tested directly whether the gen- 
eration of CO would account for the protective effect of HO-1 in 
preventing graft rejection. To do so, mouse hearts were trans- 
planted under inhibition of HO-1 activity by SnPPIX and exposed 
to exogenous CO. Exposure to CO fully suppressed graft rejection, 
allowing grafts to survive long term, despite the suppression of 
HO-1 activity by SnPPIX (Tables II and III). This data suggests 
that CO can fully substitute for the protective effect of HO-1 in this 
model. This data also suggests that the major mechanism by which 
HO-1 prevents graft rejection does not involve elimination of free 
heme but rather the generation of one of the end products of heme 
catabolism by HO-1. e.g., CO. We do not exclude that other end 
products of HO-1 activity, e.g., iron/ferritin and bilirubin, may 
contribute to prevent graft rejection as well. However, our present 
data shows that CO alone can fully substitute for HO-1. 

It could be argued that the use of SnPPIX in these experiments 
is a rather nonspecific approach to demonstrate that HO-1 enzy- 
matic activity is involved in preventing graft rejection. However, 
there are at least three observations that argue against this. First, 
under SnPPIX treatment, the pathogenesis of graft rejection (Table 
t and Fig. 3) is indistinguishable from that of hearts from HO- 1 
mice, transplanted under the same immunosuppressive regimen 
(I). Second, control treatment with FePPIX, a protoporphyrin that 
does not suppress HO-1 activity (Fig. 1) but that is otherwise very 
similar to SnPPIX, does not precipitate graft rejection (Table I). 
Third, one of the end products of HO-1 enzymatic activity, i.e., 
CO, can revert the ability of SnPPIX to precipitate graft rejection 
(Tables II and III). Taken together, these observations strongly 
support the notion that 1) SnPPIX precipitates graft rejection by 
suppressing HO-1 enzymatic activity and that 2) CO can revert the 
effect of SnPPIX by reconstituting the cytoprotective effect of en- 
dogenous CO that is generated when the action of HO- 1 is not 
impaired. 

The exact mechanism by which CO suppresses graft rejection 
remains to be elucidated- However, our present study provides 
some clues regarding these mechanism. One of the most significant 
effects of exogenous CO in our study was its ability to suppress 
platelet aggregation in the arterioles of the transplanted hearts (Fig. 
7), a prominent feature observed during acute vascular rejection (9, 
34). It is well established that CO has similar effects in vitro (35). 
Such effects of CO are also in keeping with our present data show- 
ing that expression of HO-1 in mouse endothelial cells suppressed 
platelet aggregation in vitro (Fig. 8), a finding similar to those 
reported by others using smooth muscle cells (24), 

Although apoptosis of endothelial cells and cardiac myocytes is 
not a prominent feature associated with the rejection of mouse-to- 
rat cardiac transplants (1), widespread apoptosis occurs when these 
grafts cannot express HO-1 (e.g., grafts from HO-l~ /_ mice; Ref. 
1) or when HO-1 enzymatic activity is inhibited by SnPPIX (Fig. 



9). These data suggests that expression of HO-1 in vivo suppresses 
apoptosis. This notion is further supported by the fact that HO-1 
can suppress endothelial cell apoptosis in vitro (I, 28). Given the 
proinflammatory effects associated with endothelial cell apoptosis, 
the antiapoptotic effect of HO-1 is likely to contribute to suppress 
graft rejection. 

Under inhibition of HO- 1 activity, exogenous CO can suppress 
endothelial cell apoptosis in vivo (Fig. 9), suggesting that the an- 
tiapoptotic effect of HO-1 is mediated through the generation of 
CO (Fig. 7). This is further supported by the finding that in the 
absence of HO-1 activity, exogenous CO suppresses endothelial 
cell apoptosis in vitro (Fig. 9). Given the above, we suggest that 
the antiapoptotic effect of CO is likely to contribute to the overall 
protective effect of HO-1 in preventing graft rejection. 

CO may have additional effects that could contribute to prevent 
graft rejection. This include the ability of CO to promote vasodi- 
latation (36) by the induction of smooth muscle cell relaxation (26, 
37). Vasodilatation may contribute to prevent vascular thrombosis, 
which would be important in suppressing graft rejection. An ad- 
ditional antiinflammatory property of CO is its ability to suppress 
the expression of proinflammatory genes associated with the acti- 
vation of monocyte/M0 (27). This is illustrated by the observation 
that CO suppresses TNF-a production while inducing the produc- 
tion of the anti-inflammatory cytokine IL-10 in activated M<j> (27). 
In light of this observation, it is tempting to speculate that endo- 
thelial cells that express high levels of HO-1 and generate CO may 
modulate the activation of graft-infiltrating M4> in a manner that 
may contribute to suppress graft rejection. 

In conclusion, our data suggests that the generation of CO by the 
graft vasculature, through the expression of the protective gene 
HO- 1, plays a critical role in promoting the survival of cardiac 
transplants. We suggest that CO acts as an anti-inflammatory mol- 
ecule that induces vasodilatation while suppressing platelet aggre- 
gation and proinflammatory monocyte/M4> activation. In addition, 
CO has antiapoptotic effects over the graft endothelium that may 
contribute to suppress graft rejection as well. Potential therapeutic 
applications of these findings include the possibility to overexpress 
HO-1 in endothelial cells of a graft to generate CO at the time of 
transplantation. Although our studies have used a xenotransplan- 
tation as a model of vascular inflammatory injury, it seems likely 
that these effects of CO might be used therapeutically in other 
inflammatory processes. 
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